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a b s t r a c t
Plants adapt to the prevailing photoperiod by adjusting growth andﬂowering to the availability of energy.
Tounderstand themolecular changes involved in adaptation to a long-day conditionwe comprehensively
proﬁled leaf six at the end of the day and the end of the night at four developmental stages on Arabidopsis
thaliana plants grown in a 16h photoperiod, and compared the proﬁles to those from leaf 6 of plants
grown in a 8h photoperiod. When Arabidopsis is grown in a long-day photoperiod individual leaf growth
is accelerated but whole plant leaf area is decreased because total number of rosette leaves is restricted
by the rapid transition to ﬂowering. Carbohydrate measurements in long- and short-day photoperiods
revealed that a long photoperiod decreases the extent of diurnal turnover of carbon reserves at all leaf
stages. At the transcript levelwe found that the long-day condition has signiﬁcantly reduced diurnal tran-
script level changes than in short-day condition, and that some transcripts shift their diurnal expression
pattern. Functional categorisation of the transcripts with signiﬁcantly different levels in short and long
day conditions revealed photoperiod-dependent differences in RNA processing and light and hormone
signalling, increased abundance of transcripts for biotic stress response and ﬂavonoidmetabolism in long
photoperiods, and for photosynthesis and sugar transport in short photoperiods. Furthermore, we found
transcript level changes consistent with an early release of ﬂowering repression in the long-day condi-
tion. Differences in protein levels between long and short photoperiods mainly reﬂect an adjustment to
the faster growth in long photoperiods. In summary, the observed differences in the molecular proﬁles of
leaf six grown in long- and short-day photoperiods reveal changes in the regulation of metabolism that
allow plants to adjust their metabolism to the available light. The data also suggest that energy manage-
ment is in the two photoperiods fundamentally different as a consequence of photoperiod-dependent
energy constraints.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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. Introduction
Plants as light-dependent, autotrophic organisms have adapted
o the regular light–dark cycles resulting from the rotation of the
arth. The length of the light period, or photoperiod, depends on
he latitude and time of the year. Plants must adjust to changes
n day-length to optimize growth in varying photoperiod lengths.
lthough this requires tight control of physiological and molecular
rocesses, the underlying regulatory mechanisms are still poorly
nderstood. It is now well established that the circadian clock
ynchronizes metabolism with the changing photoperiods [1–4].
hotoperiod length affects net daily photosynthesis and starch
etabolism [5,6] and adjusts seasonal growth [7–9]. However, the
olecular integration of photoperiod, clock and metabolic control
uring leaf development remains a challenging problem.
Arabidopsis is a facultative long-day plant whose ﬂowering
s controlled by the photoperiod pathway [7,8,10,11] in concert
ith molecular, hormonal and environmental signals [10]. Interac-
ions between the circadian clock and photoperiod length during
egetative growth affect leaf number and size, as well as their
orphological and cellular properties [12–16]. Plants in which the
egetative to ﬂoral growth transition is accelerated by increasing
ay-length or repression of regulatory genes have fewer leaves,
ncreased single leaf areas, and a higher epidermal cell number
n individual leaves compared to late ﬂowering plants [12,15,16].
hile these adaptations to photoperiod are well documented at
he phenotypic level, little is known about how concerted regula-
ion of photoperiod-dependent gene expression and protein levels
s achieved during diurnal cycles and at different stages of leaf
evelopment.
We therefore asked how phenotypic changes are related to
olecular proﬁles in a single leaf of Arabidopsis plants growing in
long-day (LD; 16h light, 8 h dark) or short-day (SD; 8h light, 16h
ark) condition. These two photoperiods cause consistent pheno-
ypic changes in the number and morphology of successive leaves
n the rosette [12,16]. Because size and shape of successive leaves
ary during Arabidopsis development [17] we decided to focus the
nalysis on leaf number 6, which is the ﬁrst adult leaf of the Ara-
idopsis (Col-4) rosette in short-day conditions. Leaf 6 was used
reviously to generate molecular data for Arabidopsis grown in SD
18]. To gain insights into the molecular pattern underlying the
henotypic changes between photoperiods, we therefore analyzed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
transcript and protein levels of leaf number 6 grown in LD at four
developmental stages, both at the end of the day (EOD) and end of
the night (EON). We then compared the data with the correspond-
ing previously established molecular data for leaf 6 of Arabidopsis
grown in SD either under optimal watering (SOW) or a 40% water
deﬁcit (SWD) [18]. Integration and comparative analyses of the
quantitative proteomics and transcriptomics data revealed that
fewer genes have signiﬁcant diurnal transcript level ﬂuctuations
in LD than SD. Transcripts and proteins with signiﬁcantly different
levels in SD and LD validate the hypothesis that a short photope-
riod requires a tight energymanagement, which is relaxed in a long
photoperiod.
2. Material and methods
2.1. Plant material, leaf 6 and rosette growth measurements
Arabidopsis thaliana accession Col-4 (N933) plants were grown
inagrowthchamberequippedwith thePHENOPSIS automaton [19]
as described previously [18] with the exception that day length in
the growth chamber was ﬁxed at 16h. In brief, seeds were sown in
pots ﬁlledwith amixture (1:1, v/v) of a loamy soil and organic com-
post at a soil water content of 0.3 g water/g dry soil and just before
sowing 10ml of a modiﬁed one-tenth-strength Hoagland solution
were added to the pot surface. After 2 days in the dark, day length
in the growth chamber was adjusted to 16h at ∼220mol/m2/s
incident light intensity at the canopy. Plants were grown at an air
temperature of 21.1 ◦C during the light period and 20.5 ◦C during
the dark period with constant 70% humidity. During the germina-
tion phase water was sprayed on the soil to maintain sufﬁcient
humidity at the surface. Beginning at plant germination, each post
was weighed twice a day to calculate the soil water content, which
was adjusted to 0.4 g water/g dry soil by the addition of appro-
priate volumes of nutrient solution. The experiment was repeated
independently three times and each leaf 6 sample was prepared by
bulking material from numerous plants. The frozen plant material
was sent to the MPI in Golm, where it was ground and aliquotted
using a cryogenic grinder (German Patent No. 8146.0025U1).Growth-related traits of leaf 6 at single leaf and cellular scales
were measured as described [20]. Five rosettes were harvested
and dissected every 2–3 days during each experiment. Leaf 6 area
[mm2] was measured after imaging with a binocular magnifying
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×160) glass for leaves smaller than 2mm2 or with a scanner for
arger ones. Anegativeﬁlmof the adaxial epidermis of the same leaf
as the one measured in surface was obtained after evaporation of
varnish spread on its surface. These imprintswere analyzed using
microscope (Leitz DM RB; Leica) supported by the image-analysis
oftware Optimas. Mean epidermal cell density [cellsmm−2] was
stimated by counting the number of epidermal cells in two zones
at the tip and base) of each leaf. Total epidermal cell number in the
eaf was estimated from epidermal cell density and leaf area. Mean
pidermal cell area [m2] was measured from 25 epidermal cells
n two zones (at the tip and base) of each leaf.
For rosette growth measurements, at each date of harvest all
eaves with an area larger than 2mm2 from ﬁve rosettes were
magedwith a scanner. The number of leaveswas counted and total
osette area was calculated as the sum of each individual leaf area
easured on the scan with the Image J software.
.2. Carbohydrate determinations
Starch, glucose, fructose and sucrose content were determined
y enzymatic assays in ethanol extracts of 20mg frozenplantmate-
ial as described in Cross et al. [21]. Chemicals were purchased as
n Gibon et al. [22]. Assays were performed in 96 well microplates
sing a Janus pipetting robot (PerkinElmer, Zaventem, Belgium).
bsorbances were determined using a Synergy microplate reader
Bio-Tek, Bad Friedrichshall, Germany). For all the assays, two tech-
ical replicates were determined per biological replicate.
.3. Tiling array transcript data and quantitative iTRAQ
roteomics data
Gene expression in leaves of the four developmental stages and
t the two diurnal time points in the long day optimal water (LD)
xperiment and in a reference mixed rosette sample was proﬁled
s described previously [18] usingAGRONOMICS1microarrays [23]
nd analyzed using a TAIR10 CDF ﬁle [24]. All log2-transformed
ample/reference ratios without p-value ﬁltering were used in
he analyses. Microarray raw and processed data are available via
rrayExpress (E-MTAB-2480).
Proteins in the same samples were quantiﬁed using the 8-
lex iTRAQ isobaric tagging reagent [25,26] as described in detail
reviously [18] according to the labelling scheme in Support-
ng Table S5. The resulting spectra were searched against the
AIR10 protein database [27] with concatenated decoy database
nd supplementedwith common contaminantswithMascot (Mas-
ot Science, London, UK). The peptide spectrum assignments were
ltered for peptide unambiguity in the pep2pro database [28,29].
ccepting only unambiguous peptides with an ion score greater
han 24 and an expect value smaller than 0.05 resulted in 70
79 assigned spectra at a spectrum false discovery rate (FDR) of
.07%. Quantitative information for all reporter ions was avail-
ble in 50 947 of these spectra leading to the quantiﬁcation of
788 proteins based on 6178 distinct peptides (Supporting Table
6). The mass spectrometry proteomics data have been deposited
o the ProteomeXchange Consortium (http://proteomecentral.
roteomexchange.org) via the PRIDE partner repository [30] with
he dataset identiﬁer PXD000908 and DOI 10.6019/PXD000908.
he data are also available in the pep2pro database at www.
ep2pro.ethz.ch
All proteome and transcriptome abundance measures for the
D experiment were integrated within the existing AGRON-OMICS
atabase (LeafDB) [18]. A searchable web-interface containing
hese integrated data sets is available at https://www.agronomics.
thz.ch/nt Biology 2 (2015) 34–45
2.4. Statistical analyses of the protein and transcript changes
The statistical analytical methods were performed as described
previously [18] subjecting the log2-transformed sample/reference
ratios to an analysis of variance (ANOVA) treating stage (S)
and day-time (ND) as main effects followed by correction with
Benjamini-Hochberg [31]. Transcripts and proteins with a pGlobal
(p-value for an overall global change) <0.05 and a maximum
fold-change> log2(1.5) were considered to change signiﬁcantly
(Supporting Tables S7 and S8). For a signiﬁcant difference between
EODandEONweadditionally required pND (p-value for the diurnal
change) <0.05. The comparison of the protein and transcript levels
between the LD and the two short day (SOW and SWD) exper-
iments reported previously was performed with a paired t-test
comparing the values for the 8 time-points between two experi-
ments correctedwithBenjamini-Hochberg [31] taking into account
all non-plastid encoded transcripts without p-value ﬁltering. All
statistical analyses were performed using R [32].
2.5. GO functional classiﬁcation
Assignment of protein and transcript functional categories was
based on the TAIR GO categories from aspect biological process
(ATH GO GOSLIM 20130731.txt) as described previously [18].
3. Results and discussion
3.1. LD accelerates Arabidopsis growth and increases individual
leaf area but decreases rosette area
When plotted against time from leaf initiation to full expansion,
leaf 6 area increased more rapidly and reached its ﬁnal size ear-
lier and was 50% larger in LD than in SD (Fig. 1A). The dynamics of
cell production and expansion in the upper epidermis of leaf 6 indi-
cates that both cell number and cell size increasedmore rapidly and
reached their ﬁnal values earlier in LD than in SD (Fig. 1B,C). Thus,
photoperiod has a pronounced effect on the timing of leaf develop-
ment because cell division, cell expansion and leaf expansion were
faster in LD than SD and ceased earlier.
Similar to the faster growth of leaf 6 the whole rosette leaf area
and leaf number initially increased faster in LD than SD (Fig. 2A,B).
However, later indevelopmentanddespite the increased individual
leaf size at the fully expanded stage (Fig. 1A), thewhole rosette area
was smaller in LD than in SD. This was the result of a smaller ﬁnal
number of rosette leaves that were produced (Fig. 2A).
3.2. Successive cellular stages of leaf 6 development are a
function of photoperiod
Because leaf 6 growth was accelerated in the long photoperiod
and stages 2–4 of leaf development were reached earlier than in
the short photoperiod (Fig. 1), biological samples of leaf 6 were
harvested at four development stages corresponding to transitions
associated with well-deﬁned cellular processes [18]. The stage 1
leaf has maximum relative area and thickness expansion rates,
stage 2 and 3 leaves have maximum and decreasing absolute area
and thickness expansion rates, respectively, and in the stage 4 leaf
expansion ends [18]. Sampling at deﬁned stages allows a robust
leaf scale comparison of photoperiod effects on leaf development
despite different growth rates in different experiments. We found
that stage 1 corresponds to the phase of rapid cell division around
day 7 or 8 after leaf initiation in both photoperiods. Most of cell
division had ceased at stage 2, which was around day 11 after leaf
initiation in LD and day 14 in SD. Stage 3 is the phase of decreasing
cell expansion rate around14days after leaf initiation in LD andday
21 in SD. At stage 4 cell and leaf expansion were nearly complete,
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Fig. 1. Kinematic expansion phenotypes of leaves harvested for proﬁling in the SD
(blue) and LD (red) experiments. Changes over time in leaf 6 area (A), mean cell
number in leaf 6 adaxial epidermis (B) andmean cell area in leaf 6 adaxial epidermis
(C). Data are mean and SD values, n=5. The increase of leaf area, cell number and
cell area are described by sigmoid curves following the equations: y = A/[1 + e (-(X-
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Fig. 2. Kinematic expansion phenotypes of whole rosette leaf growth of plants har-
vested for leaf 6 proﬁling in the SD (blue) and LD (red) experiments. Changes over
time in the number of rosette leaves (A) and whole rosette area (B). Changes over
time of the proportion of whole rosette area covered by leaf 6 area is presented in
(C). The indicated trend lines represent predictions from a local polynomial regres-
sion ﬁtting (loess). The 4 dates of harvest are presented by vertical lines for the SD
(blue dotted) and LD (red dot-dashed) experiments.
and soluble sugars were obtained from pooled samples of leaf 6 of
three independent biological experiments. We then assessed how0)/B)]. The median date of the 4 harvest times are presented by vertical lines for
he SD (blue dotted) and LD (red dot-dashed) experiments. Leaf 6 initiation occurred
t around day 12 after sowing in SD and day 10 in LD.
orresponding to around day 21 after leaf 6 initiation in LD and day
0 in SD.
.3. Photoperiod affects individual leaf expansion in the context
f whole rosette development
Because photoperiod length affected both the progression of
ndividual leaf stages and whole plant development, the four leaf 6
evelopmental stages did not have the same status with regard to
hole rosette development in LD and SD plants. Leaf 6 expansion
n SD was complete before the ﬁnal number of rosette leaves was
eached, whereas in LD more than 50% of leaf 6 expansion occurred
fter bolting. The ﬂoral transition at the shoot apex occurs several
ays before bolting, typically at 10–12 days after germination in
D [33]. Leaf 6 was initiated at 10 days after sowing, and therefore
lmost all its growth occurred after the ﬂoral transition at the shoot
pex.At stage 1 in LD, leaf 6 area represented approximately 5% of the
hole rosette area. This proportion increased to 12–15 % during
tages 2 and 3 and at stage 4 declined to around 10%. In contrast,
he proportion of leaf 6 area compared to whole rosette area atstage 4 was less than 5% in SD, conﬁrming that leaf 6 reaches its
smaller ﬁnal size in SD before whole rosette expansion was com-
plete (Fig. 2C).
3.4. Experimental design for assessing molecular changes during
leaf development
To quantitate protein and transcript levels during the growth
of a single Arabidopsis leaf we harvested leaf 6 from plants grown
in LD at the end of the day (EOD) and end of the night (EON) at
the four successive stages of development deﬁned above. Proteome
and transcriptome proﬁling data, as well as the amounts of starchthe molecular proﬁles in single leaves at precise stages of devel-
opment from plants grown in LD differ from leaf 6 grown in SD by
comparing them to the SD optimal watering (SOW) and 40% water
deﬁcit (SWD) experiments reported previously [18].
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Fig. 3. The amounts of (A) starch and the soluble sugars (B) glucose, (C) sucrose and
(
l
3
c
i
c
p
o
i
E
t
f
4
c
l
pronounced for stress response
F
c
ED) fructose in g/g FW and their standard deviations at EON and EOD at the four
eaf 6 developmental stages in SD (blue) and LD (red).
.5. Photoperiod affects the amount and diurnal turnover of
arbon reserves
Starch is the main carbon reserve for energy requirements dur-
ng the night in Arabidopsis and represented about 80–93% of the
arbohydrates measured at EOD in LD and SD (Fig. 3). In LD-grown
lants, the amount of starch at EOD was similar at all four devel-
pment stages. Although starch also decreased during the night
n LD plants, considerably larger amounts of starch remained at
ON, especially at stages 2, 3 and 4 (Fig. 3A). In SD a different pat-
ern was found. The highest amount of starch at EOD was found
or stage 1, with lower levels in stages 2, 3 and, especially, stage
. Further, in SD, most of the starch that accumulated at EOD was
onsumed during the night at all developmental stages. In LD, the
evels of glucose, sucrose and fructosewere similar at EOD and EON
ig. 4. Principal Component Analysis of transcript and protein proﬁles in leaf 6 grown
omponent in the transcript data, and (C) ﬁrst and second principal component in the p
ON samples and in red for the EOD samples.nt Biology 2 (2015) 34–45
for all developmental stages, with the exception of stages 1 and 2
for sucrose, where the levelswere higher at EOD than EON. Glucose
levels in LD were similar at all developmental stages, but fructose
and sucrose were highest for stage 1. In contrast, major differences
were found in SD. First, glucose, fructose and sucrose levels in SD
were consistently higher at EOD than EON, as previously reported
for full rosettes [6]. Second, the highest levels of glucose, fructose
and to some extent sucrose were determined for stage 4 at EOD.
Third, sucrose levels for all developmental stages and harvest times
were consistently lower in SD than LD, as previously reported for
full rosettes [6] (Fig. 3B–D). Together, the data reveal that in Ara-
bidopsis photoperiod length has a major inﬂuence on the metabolic
status of the leaf during both development and the diurnal cycle.
3.6. Diurnal transcript level changes are less pronounced in a LD
photoperiod
To account for the observed phenotypic and metabolic differ-
ences between SD and LD we analyzed quantitative protein and
transcript data in detail. We ﬁrst performed a Principal Compo-
nent Analysis (PCA) to estimate the main factors that determine
changes in transcript and protein levels in LD. The main contribu-
tion to the variance in the transcript data in the ﬁrst two principal
components is the difference between stage 1 and the later stages
2–4, which accounted for over 60% of the total variance (Fig. 4A).
The EOD and EON samples are separated only in the third princi-
pal component, which accounted for about 8% of the total variance
(Fig. 4B). This is in contrast to a PCA of the transcripts in SD condi-
tions, where the time of harvest was the main contribution to the
variation in the data in the ﬁrst and second principal components
[18]. Assessing the difference in transcript levels between EON and
EON revealed that in LD only 21.2% of all transcripts showed signiﬁ-
cant diurnal transcript level ﬂuctuations, in contrast to 50.3% in the
SOWand43.1% in the SWDconditions. Thus, in addition tometabo-
lite changes, the LD photoperiod also has a considerable impact on
diurnal mRNA expression patterns. For the protein data, the dif-
ference between the developmental stages contributes most to the
variation in the data (Fig. 4C), as observed previously in SD [18].
3.7. Diurnal transcript ﬂuctuations are shifted in LD and mostTranscripts that changed similarly between EOD and EON both
in LD and SD included those encoding the central clock proteins
in LD. (A) First and second principal component and (B) ﬁrst and third principal
rotein data. The numbers indicate the growth stages 1 to 4 and are in blue for the
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Fig. 5. (A) The number of transcripts with differential diurnal ﬂuctuations between SD and LD. (B) For all the transcripts with differential diurnal ﬂuctuations between SD and
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tD, and (C-H) for the transcripts in the different sub-categories depicted in (A), the h
t a given ZT as determined in Edwards et al. [34]. The ZT here corresponds to the t
ight/dark cycles followed by one day in continuous light, and the expected light an
ATE ELONGATED HYPOCOTYL 1 (LHY, AT1G01060), CIRCADIAN
LOCK ASSOCIATED 1 (CCA1, AT2G46830) and TIMING OF CAB
XPRESSION 1 (TOC1, AT5G61380). However, as expected from the
esults of the PCA analysis, many more transcripts showed a signif-
cant change between EOD and EON in SD than in LD. We deﬁned
ranscripts to change only in SD when they had signiﬁcantly dif-
erent levels between EOD and EON in SOW and SWD, but not in
D (5238 transcripts), and transcripts to change only in LD when
hey had signiﬁcantly different levels between EOD and EON in LD,
ut not in SOW or SWD (835 transcripts) (Fig. 5A; Supporting Table
1). To further examine the differences in the diurnal ﬂuctuations
etween SD and LD we used EON as reference point corresponding
oZeitgeberTime (ZT, hours afterdawn)–1 inbothexperiments.Werams represent the frequency of the number of transcripts with an expression peak
continuous light since the last dawn after plants had been entrained to 12h/12h
periods are indicated by white and black bars, respectively.
then assessed which transcripts were signiﬁcantly higher or lower
at the respective EOD compared to the reference point only in SD,
or only in LD (Fig. 5, Supporting Table S1). For all transcripts with
differential diurnal ﬂuctuations between SD and LD we examined
whether they scored rhythmic byCOSOPT in the free-running study
conducted by Edwards et al. [34]. For those that were rhythmic we
plotted the Zeitgeber Time (ZT) peaks determined in Edwards et al.
[34] (Fig. 5B–H). The ZT peaks of the rhythmic transcripts that are
lower at EOD only in SD and higher at EOD only in LD peak in the
secondhalf of the subjectivenight aroundZT43-44. Transcripts that
are higher at EOD only in SD peak around ZT 33–37 corresponding
to the subjective dusk, while those that are lower at EOD only in LD
peak in the subjective afternoonaroundZT31–32.While the timeof
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he log-transformed MapMan categories that are over-represented in LD (white) or
orresponds to the log-transformed p-value−1.
arvest at the respective EOD in SD and LD photoperiods can affect
he relative abundance difference between EOD and EON for tran-
cripts peaking during the night, this is not the case for transcripts
ith ZT peaks in the afternoon or early night (Supporting Fig. S1).
he different pattern of these transcripts therefore suggests a shift
n their diurnal expression. The functional categorisation against
O Biological Process of the transcripts higher at EON only in LD
ave as the top category response to chitin (p-value <1−30). The list
f 23 transcripts that account for this over-representation contains
4 transcription factors according to the AGRIS website [35] (Sup-
orting Table S2), and four of them are scored rhythmic with ZT
eaks in the late afternoon. Together, this suggests that the expres-
ionpatterns of speciﬁc transcripts, especially for transcripts linked
o biotic stress response, are changed in response to light and the
xpected length of the night.
.8. Photoperiod and growth behaviour have speciﬁc transcript
ignatures
The differences in the diurnal transcript accumulation between
D and LD prompted us to further examine the transcripts that are
ifferentially expressed between LD and SD. We considered those
ranscripts to change in a photoperiod-speciﬁc manner that were
igniﬁcantlydifferent (p-value <0.05 inapaired t-test, average fold-
hange>1.5) in the LD experiment compared to both the SOW and
WDexperiments. A total of 3469 transcripts fulﬁlled these criteria
ith 1954 being higher in LD and 1515 higher in SD (Supporting
able S3).
As plants grow faster in LD than SOWand SWDconditions, it can
e expected that someof the differences between the twophotope-
iods will be due to their different growth behaviours. ComparingMan bins with P-value < 0.01 are indicated and the length of the bar corresponds to
rey). The MapMan bins with P-value < 0.01 are indicated and the length of the bar
the two SD experiments we had already found that the transcript
levels of proteins assigned to GO category defence response to fun-
gus and those supporting fast growth, such as proteins involved
in ribosome biogenesis and translation, are reduced in leaf 6 by
water deﬁcit [18]. To distinguish between effects caused by dif-
ferent growth rates and those speciﬁc for long day conditions, we
deﬁned sets of growth-speciﬁc transcripts based on the gradual
increase in growth rate from SWD to SOW and the LD experiment.
We hypothesised that transcripts, which accumulate to different
levels between SD and LD and also show a signiﬁcant difference in
accumulation between the SWD and SOW conditions, are likely to
be related to growth. Applying these criteria we found 134 tran-
scripts that are most highly expressed in LD and 38 transcripts that
are highest in SWD conditions (Supporting Table S3). Transcripts
that are highest in LD and therefore might be associated with faster
growth are over-represented in various response pathways, with
response to chitin, defence response to fungusand response tomechan-
ical stimulus as the top three categories. The GO processes that are
over-represented in the transcripts highest in the SWD plants are
nitrileandprolinebiosynthetic process, aswell asphotosynthesis, con-
sistent with a tight energy management in a short photoperiod and
reduced water condition.
3.9. Transcripts regulated by photoperiod belong to speciﬁc
functional categories
Transcripts that were signiﬁcantly higher in SD or LD (Support-
ing Table S3) were categorised using MapMan [36] and TAIR10
mapping (Ath AGI LOCUS TAIR10 Aug2012). Over- and under-
representationwas assessed separately for the transcripts higher in
SD and LD using a Fisher’s exact test and by comparing the number
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Table 1
Proteins with a signiﬁcant change between the LD experiment and SOW. Proteins that were in addition signiﬁcantly increased or decreased in the LD experiment compared
to SWD are in bold.
Proteins signiﬁcantly higher in long day conditions
AT1G75040 pathogenesis-related gene 5, PR5
AT1G75750 GAST1 protein homolog 1
AT2G19730 Ribosomal L28e protein family
AT2G21660 cold, circadian rhythm, and rna binding 2, CCR2, GRP7
AT2G29350 senescence-associated gene 13
AT2G45790 phosphomannomutase, PMM
AT3G57260 beta-1,3-glucanase 2, ATBG2, ATPR2, BGL2, PR2
AT3G59760 O-acetylserine (thiol) lyase isoform C
AT4G17830 Peptidase M20/M25/M40 family protein
AT4G22670 HSP70-interacting protein 1
AT4G32915 FUNCTIONS IN: molecular function unknown; INVOLVED IN: regulation of translational ﬁdelity
AT4G36810 geranylgeranyl pyrophosphate synthase 1, GGPS1, GGPPS11
AT5G39570 FUNCTIONS IN: molecular function unknown; INVOLVED IN: biological process unknown; LOCATED IN: cytososol
Proteins signiﬁcantly lower in long day conditions
AT1G54010 GDSL-like Lipase/Acylhydrolase superfamily protein
AT1G76100 plastocyanin 1, PETE1
AT2G22230 Thioesterase superfamily protein
AT2G42530 cold regulated 15b, COR15B
AT2G42540 cold-regulated 15a, COR15A
AT3G09260 Glycosyl hydrolase superfamily protein
AT4G29680 Alkaline-phosphatase-like family protein
AT5G10540 Zincin-like metalloproteases family protein
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FAT5G15970 stress-responsive protein (KIN2) / stress
AT5G51720 2 iron, 2 sulfur cluster binding
AT5G54160 O-methyltransferase 1
f measured transcripts with the number that would be expected
y chance. Fig. 6 shows the MapMan bins with p-value <0.01 and
he AGIs of the genes in these categories are listed in Supporting
able S4.
.9.1. RNA processing mechanisms differ depending on
hotoperiod length
Among the genes for transcripts that have different levels
etween SD and LD we found fewer than expected that encode
roteins for translation (bin 29.2) (p<2.05e−11 in a Fisher’s exact
est). This is in agreement with the ﬁnding that ribosome abun-
ance does not change between SD and LD grown plants [6].
owever, genes involved in RNA processing are over-represented
n SD (Fig. 6), while genes for small nucleolar RNAs (snoRNAs) are
ver-represented in LD (4.25e−6 in a Fisher’s exact test) because
4 of 45 snoRNAs represented on the tiling array are signiﬁcantly
ore highly expressed in LD. snoRNAs associate with proteins
o form functional small nucleolar ribonucleoprotein complexes
snoRNPs),which are involved in the processing of precursor rRNAs
n the nucleolus requiring exo- and endonucleolytic cleavages as
ell as modiﬁcations. These modiﬁcations are thought to inﬂuence
ibosome function [37]. The differential expression of snoRNAs in
DandLDconditionsmight reﬂect a speciﬁcbut currentlyunknown
echanism of adjusting translation to the prevalent photoperiod
onditions.
.9.2. Flavone biosynthesis is enhanced in the LD photoperiod
Transcripts that are higher in LD are overrepresented in bin
econdary metabolism.ﬂavonoids (Fig. 6). Flavonoids are plant sec-
ndary metabolites with broad physiological functions [38]. Of
he genes in this category, ﬁve encode enzymes in the KEGG [39]
athway ﬂavonoid biosynthesis, namely TRANSPARENT TESTA 4
CHS/TT4, AT5G13930), TT5 (AT3G55120), F3H/TT6 (AT3G51240),
T7 (AT5G07990) and FLAVONOL SYNTHASE (FLS, AT5G08640)
Supporting Fig. S2). These enzymes are required for the biosyn-
hesis of the three major ﬂavonols quercetin, kaempferol and
yricetin, although theenzymecatalysing the last stepofmyricetin
roduction has not yet been identiﬁed in Arabidopsis (Supporting
ig. S3). The transcript levels for these enzymes are all increased inced protein (KIN2) / cold-responsive protein (COR6.6)
LD as compared to SD but generally decrease during leaf 6 develop-
ment (Supporting Fig. S4). TT5 and TT6/F3H proteinswere detected
in LD. TT5 protein levels decrease signiﬁcantly during development
in LD but the protein was detected in all three experimental condi-
tions (SOW, SWD and LD). Transcript levels of ﬂavonoid pathway
genes were reported to be up-regulated in leaves of sweet potato
grown in LD that have high concentrations of kaempferol [40].
Kaempferol functions as an antioxidant in chloroplasts [41]. Higher
transcript levels for the enzymes in the ﬂavonol biosynthesis path-
way in LD therefore correlate well with the over-representation of
the bin redox in LD. The transcript levels for enzymes in ﬂavonoid
biosynthesis pathways involved in response to excess UV light or
high light stress, such as anthocyanin biosynthesis, are not higher
in LD as compared to SD. This conﬁrms that under our experimen-
tal conditions the LDphotoperiod is not triggering a stress response
that would require enhanced photoprotection.
3.9.3. Light and hormone signalling differ between SD and LD
Plant hormones coordinate developmental processes and
growth through converging pathways [42,43]. We therefore
expected that several of the genes whose transcripts accumulate
to different levels between SD and LD encode proteins involved in
hormone metabolism and signalling (Supporting Fig. S5). The bin
hormone metabolism.ethylene is over-represented in LD and the list
of genes annotated to this bin that have increased transcript levels
in LD includes 10 genes encoding different ETHYLENE-RESPONSIVE
ELEMENTBINDINGFACTOR(ERF)proteins. ERFs function indefence
response and regulate chitin signalling [44,45]. Two of these ERFs,
DREB AND EAR MOTIF PROTEIN 1 (DEAR1; AT3G50260) and ERF6
(AT4G17490), belong to the transcription factors that have higher
transcript levels at EON only in LD and are assigned to response to
chitin (Supporting Table S2).
Ethylene biosynthesis is restricted by the photoreceptor phy-
tochrome B (PHYB; AT2G18790) [46]. PHYB transcript levels are
decreased in LDas compared to SD,which correlateswith increased
ethylenebiosynthesis in LD. In addition toPHYB, other genes encod-
ing phytochromes such as PHYA (AT1G09570) and genes encoding
phytochrome kinase substrates and phototropic responsive family
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roteins are more highly expressed in SD, resulting in the over-
epresentation of bin signalling.light (Supporting Table S4).
Photoperiod can be integrated with growth and time to
owering through regulation of the brassinosteroid hormone
athway [47]. It was therefore unexpected that bin hormone
etabolism.brassinosteroid was over-represented in SD, as plants
n SD grow more slowly and ﬂower later. However, the mRNAs
ith higher levels in SD assigned to this bin also include the mRNA
or cytochrome P450 CYP734A1 (AT2G26710). CYP734A1 converts
ctive brassinosteroids into their inactive forms [48] and therefore
cts as a negative regulator of brassinosteroid signalling. Thus, the
ver-representation of the bin hormone metabolism.brassinosteroid
oesnot imply increasedbrassinosteroid signalling. In fact, theonly
rassinosteroid signalling-related mRNA with higher levels in LD
ncodes BES1/BZR1-LIKE PROTEIN 3 (BEH3, AT4G18890), which is
transcription factor that is homologous to BES1/BZR1, a positive
egulator of brassinosteroid signalling [49].
.9.4. SD increases transcript levels for sugar transport and
hotosystem proteins
Transcripts that are signiﬁcantly higher in SD than LD encode
welve members of the monosaccharide transporter (MST)(-like)
ene family [50] and the SUCROSE-PROTON SYMPORTER 9 (SUC9,
T5G06170). Accordingly, the bin sugar.transport is overrepre-
ented in SD (Fig. 6, Supporting Table S4). The members of the
ST(-like) gene family are classiﬁed into seven distinct sub-
amilies andhave roles in both long-distance sugar partitioning and
ub-cellular sugar distribution [50]. POLYOL/MONOSACCHARIDE
RANSPORTER 2 (PMT2, AT2G16130) and SUGAR TRANSPORTER
(STP1, AT1G11260) are located in the plasma membrane and
ere suggested to import monosaccharides into guard cells dur-
ng the night and function in osmoregulation during the day [51].
heMST(-like) gene familymembers involved in sub-cellular sugar
istribution include the plastid-localised PLASTIDIC GLC TRANSLO-
ATOR (PGLCT, AT5G16150), which contributes to the export of
he main starch degradation products maltose and glucose from
hloroplasts [52], and six proteins encoded by the AtERD6-like
ene sub-family that are located in the vacuole membrane. AtERD6
omologs are thought to export sugars from the vacuole dur-
ng conditions when re-allocation of carbohydrates is important,
ncluding senescence, wounding, pathogen attack, C/N starvation
nd diurnal changes in transient storage of sugars in the vacuole
50]. The increased transcript expression of genes for various sugar
ransporters in SD is consistentwith the different amount and diur-
al turnover of sugar levels in SD as compared to LD (Fig. 3) and
ndicates that long-distance and sub-cellular sugar partitioning is
ncreased in shorter illumination periods.
The bin PS.lightreaction is signiﬁcantly different between SD and
D and overrepresented in SD (Fig. 6; Supporting Figs. S5 and S6).
ost of the transcripts assigned to this bin that are increased in SD
ncode photosystem I or II proteins (Supporting Table S4). Some of
heir genes seem to be linked to reduced growth, nevertheless, the
D compared to the LD photoperiod apparently increases photo-
ystem abundance. This likely increases the rate of photosynthesis
o use the light of the shorter illumination period most efﬁciently.
.10. Proteins that differ between SD and LD can mainly be
ttributed to differences in growth
Wenext examined the proteins that are differentially expressed
n the LD and SOW plants (p-value <0.05 in a paired t-test, average
old-change>1.5). A total of 24 proteins fulﬁlled the strict cut-off
riteria that were also applied to the transcript data. Of the 13 pro-
eins that were higher in LD, 5 were also increased in LD compared
o SWD, and of the 11 that were lower in LD, 4 were also signiﬁ-
antly decreased in LD compared to SWD. These proteins thereforent Biology 2 (2015) 34–45
show a signiﬁcant difference between LD and both SD conditions
(Table 1).
The list of proteins that are more abundant in LD than in SD
includes PATHOGENESIS-RELATED PROTEIN 5 (PR5, AT1G75040),
PR2 (AT3G57260) and ribosomal L28e family protein (AT2G19730).
This is consistent with our previous ﬁndings that most of the pro-
teins that accumulated to higher levels in the faster growing SOW
leaves than in the SWD leaves mainly comprised proteins involved
in translation and that transcripts with higher levels in the SOW
leaves are over-represented for GO categories ribosome biogene-
sis, translation and defence response to fungus [18]. Furthermore,
MapMan bin stress.biotic was over-represented for transcripts that
have higher levels in LD. The list of proteins that accumulate to
signiﬁcantly higher levels in LD also includes PHOSPHOMANNO-
MUTASE (PMM, AT2G45790), which is involved in the synthesis of
GDP-mannose and is therefore required for ascorbic acid biosyn-
thesis and N-glycosylation. Interestingly, the pmm mutant has a
temperature-sensitive phenotype that was attributed to a deﬁ-
ciency in protein glycosylation [53]. The different abundance levels
of PMM of in LD and SD might therefore suggest differential
post-translational modiﬁcations in LD and SD. GERANYLGERANYL
PYROPHOSPHATE SYNTHASE 1 (GGPPS11, AT4G36810), which is
required for thebiosynthesisof geranylgeranyldiphosphate (GGPP)
[54], also accumulates to higher levels in leaf 6 grown in LD as com-
pared to SOW conditions. In Arabidopsis, the chloroplast-localized
GGPPS11 is the GGPPS isoform with the highest transcript level
in rosette leaves and mainly responsible for the biosynthesis of
GGPP-derived isoprenoid metabolites including chlorophyll and
carotenoids [54]. The higher protein level of GGPPS11 in LD than in
SD therefore suggests the increased production of these metabo-
lites in LD.
The proteins that are signiﬁcantly more abundant in SD than
in LD are PLASTOCYANIN 1 (PETE1, AT1G76100) and the three
cold response (COR) proteins COR15A (AT2G42540), COR15B
(AT2G42530) and COR6.6 (AT5G15970) (Table 1). Although plasto-
cyanins have been implicated in photosynthetic electron transport,
their concentration is not limiting for electron ﬂow in optimal
growth conditions with 11h light [55]. The increased PETE1 pro-
tein level in SD might therefore indicate a speciﬁc role for this
protein in short photoperiods. The COR proteins are also signiﬁ-
cantly more abundant in leaf 6 grown in SWD as compared to SOW
conditions and have been implicated in the adaptation response
to the continuous 40% water deﬁcit condition [18]. However, the
LD data suggest that the accumulation of the three COR proteins
may also be related to growth. We did not classify transcripts for
these proteins as photoperiod-speciﬁc because they are signiﬁ-
cantly different betweenSWDandLDbutnot betweenSOWandLD.
A crosstalk between cold response and ﬂowering time regulation
has been proposed previously, with SOC1 functioning as a negative
regulator of CBFs that bind to the COR promoters [56]. Here, the sit-
uation is different, because SOC1 and CBF1 (AT4G25490) transcript
levels are higher in LD as compared to SD and the COR transcripts
show a different behaviour. Therefore, the levels of the COR pro-
teins seem to be regulated differently and related to the growth
rate of the leaves.
3.11. Flowering genes have photoperiod-speciﬁc transcript
signatures in leaves
LD photoperiods that are characteristic of spring and early
summer induce ﬂowering in LD plants. The core photoperiodic
ﬂowering pathway comprises GIGANTEA (GI, AT1G22770), FLOW-
ERING LOCUS T (FT, AT1G65480) and CONSTANS (CO, AT5G15840)
[57,58]. Circadian clock regulationofCO transcript level andprotein
stability is key to monitoring changes in photoperiod length, and
thebiphasic regulationofCOensures thatﬂowering is induced inLD
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57]. The mRNA levels for the CO target FT were higher in LD com-
ared to SDand increasedduringdevelopment (Supporting Fig. S7).
ownstreamof FT, theMADS-box transcription factors AGAMOUS-
IKE 20/SUPPRESSOR OF CONSTANS1 (SOC1, AT2G45660), AGL24
AT4G24540), FRUITFULL (FUL, AT5G60910) and SHORT VEGETA-
IVE PHASE (SVP, AT2G22540) function as ﬂoral integrator genes
uring the transition of the shoot apical meristem (SAM) to the ﬂo-
al meristem [59]. Notably, AGL24 and FUL transcript levels were
igniﬁcantly higher in LD also in leaf 6. SOC1 transcript levels were
nly higher in LD at early leaf 6 developmental stages, and SVP tran-
cript levels were not signiﬁcantly different between LD and SD
Supporting Fig. S7). In contrast, the mRNA levels for FLOWERING
OCUS C (FLC, AT5G10140), which is a key repressor of ﬂowering
60], were signiﬁcantly lower in LD as compared to SD (Supporting
ig. S7). FLC and SVP form heterodimers during vegetative growth
o repress transcriptionof FT in leaves and SOC1 in the SAM[61]. The
educed levels of FLC transcripts in LD together with the increased
evels of FT transcripts are therefore consistentwith anearly release
f ﬂowering repression in LD.
SOC1 belongs to the group of genes that have a diurnal expres-
ion peak in the afternoon, with SOC1 transcript levels being higher
t EOD in SD, but higher at EON in LD (Fig. 5). Interestingly, this
attern was also found for transcript levels of the potential natural
ntisense RNA gene AT1G69572, whose genomic region overlaps
ith that of CDF5. According to data reported by Bläsing et al.
62], SOC1 transcript levels were highest in the afternoon (ZT8) in a
2h/12h photoperiod.When compared to free-running conditions
f continuous white light [63], SOC1 transcript levels were highest
t ZT8 during the ﬁrst day but no subsequent circadian oscillation
as detectable. SOC1 therefore belongs to the group genes whose
ranscript levels arenot regulatedby thecircadianclockbutdirectly
y photoperiod.
.12. AtGRP7 protein, but not transcript, is more highly expressed
n LD
The glycine-rich RNA-binding protein AtGRP7 (AT2G21660) has
n important role inﬂowering. ExpressionofAtGRP7 is directly con-
rolled by CCA1 and LHY, and its transcript levels oscillate with a
eak in the evening [64]. AtGRP7 regulates the amplitude of the
ircadian oscillation of its mRNA through alternative splicing. Ara-
idopsis plants that constitutively over-express AtGRP7 produce a
hort-lived mRNA splice form, which dampens AtGRP7 transcript
scillations and inﬂuences the accumulation of other transcripts
ncluding AtGRP8 (AT4G39260) [65]. As the result, AtGRP7 pro-
otes ﬂowering, with a more pronounced effect in SD than in LD
66]. In LD we indeed observed a dampening of both AtGRP7 and
tGRP8 diurnal transcript level changes at all leaf 6 development
tages, but the transcript levels of AtGRP7 did not change signiﬁ-
antlyduringdevelopment (SupportingFig. S8). In contrast,AtGRP7
rotein levels were signiﬁcantly higher in the LD experiment as
ompared to SOW (Table 1), did not display diurnal level changes,
nd decreased during development both in SD and LD (Supporting
ig. S8). The higher AtGRP7 protein levels in LD as compared to SD
rovide an explanation for earlier observations that the effect of
tGRP7 overexpression on time to ﬂowering is stronger in SD than
n LD.
. Conclusions
In addition to photoperiod, which may act at multiple points
n the circadian clock [67–69], the rhythmic, diurnal endogenous
ugar signals can entrain circadian rhythms inArabidopsis [70]. Fur-
hermore, in an 18h photoperiod considerable amounts of starch
emain at EON while the rate of photosynthesis is decreased com-nt Biology 2 (2015) 34–45 43
pared to a 4-, 6-, 8-, and 12-h photoperiod. Consequently, in long
photoperiods growth is not longer limited by the availability of
carbon and the carbon conversion efﬁciency decreases [6]. By sys-
tematically investigating themolecular changes in a single leaf that
are involved in the adaptation to different photoperiods in highly
controlled conditions we demonstrated that fewer transcripts dis-
play signiﬁcant changes betweenEODandEON in LD than in SD.We
previously discussed that different mRNA levels at speciﬁc times
during the diurnal cycle might be required for the time-dependent
regulation of the cellular energy status in prevailing environmental
conditions [18]. If diurnal transcript level ﬂuctuations are indeed
required for efﬁcient resource allocation, this might explain why
plants grown in long days do not depend on a strict diurnal regula-
tion of transcription to tightly economise their energy budget. We
also established that transcripts regulated by photoperiod belong
to speciﬁc functional categories that are important for adapta-
tion to the prevailing photoperiod condition. In contrast, identiﬁed
proteins that differ signiﬁcantly between photoperiods are mainly
related to the different growth rates of leaf 6. Together, changes in
the complex molecular pattern underlying leaf growth in different
photoperiods are tightly linked to the available energy.
Conﬂicts of interest
none.
Acknowledgements
Wethank theFunctionalGenomicsCenterZurich (FGCZ) forpro-
viding infrastructure and technical support, Pascal Schläpfer and
Johannes Fütterer (ETH Zurich) for helpful discussions and critical
reading of the manuscript. We thank Nicole Krohn and Beatrice
Encke (MPIMP) for metabolite analyses. This work was supported
by the AGRON-OMICS integrated project funded in the European
Framework Programme 6 (LSHG-CT-2006-037704). The UMR EEF
is supported by the French National Research Agency through the
Laboratory of Excellence ARBRE (ANR-12- LABXARBRE-01).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cpb.2015.07.001
References
[1] A.N. Dodd, N. Salathia, A. Hall, E. Kévei, R. Tóth, F. Nagy, et al., Plant circadian
clocks increase photosynthesis, growth, survival, and competitive advantage,
Science 309 (2005) 630–633, http://dx.doi.org/10.1126/science.1115581
[2] C. Troein, J.C.W. Locke, M.S. Turner, A.J. Millar, Weather and seasons together
demand complex biological clocks, Curr. Biol. 19 (2009) 1961–1964, http://dx.
doi.org/10.1016/j.cub.2009.09.024
[3] E.M. Farré, S.E. Weise, The interactions between the circadian clock and
primary metabolism, Curr. Opin. Plant Biol. 15 (2012) 293–300, http://dx.doi.
org/10.1016/j.pbi.2012.01.013
[4] B.Y. Chow, S.A. Kay, Global approaches for telling time: Omics and the
Arabidopsis circadian clock, Semin. Cell Dev. Biol. 24 (2013) 383–392, http://
dx.doi.org/10.1016/j.semcdb.2013.02.005
[5] A. Graf, A.M. Smith, Starch and the clock: the dark side of plant productivity,
Trends Plant Sci. 16 (2011) 169–175, http://dx.doi.org/10.1016/j.tplants.2010.
12.003
[6] R. Sulpice, A. Flis, A. a Ivakov, F. Apelt, N. Krohn, B. Encke, et al., Arabidopsis
coordinates the diurnal regulation of carbon allocation and growth across a
wide range of photoperiods, Mol. Plant 7 (2014) 137–155, http://dx.doi.org/
10.1093/mp/sst127
[7] R. Hayama, G. Coupland, Shedding light on the circadian clock and the
photoperiodic control of ﬂowering, Curr. Opin. Plant Biol. 6 (2003) 13–19,
http://dx.doi.org/10.1016/S1369-5266
[8] F. Andrés, G. Coupland, The genetic basis of ﬂowering responses to seasonal
cues, Nat. Rev. Genet. 13 (2012) 627–639, http://dx.doi.org/10.1038/nrg3291
[9] H.A. Kinmonth-Schultz, G.S. Golembeski, T. Imaizumi, Circadian
clock-regulated physiological outputs: dynamic responses in nature, Semin.
4 nt Pla
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[4 K. Baerenfaller et al. / Curre
Cell Dev. Biol. 24 (2013) 407–413, http://dx.doi.org/10.1016/j.semcdb.2013.
02.006
10] A. Srikanth, M. Schmid, Regulation of ﬂowering time: all roads lead to Rome,
Cell. Mol. Life Sci. 68 (2011) 2013–2037, http://dx.doi.org/10.1007/s00018-
011-0673-y
11] K.S. Sandhu, K. Hagely, M.M. Neff, Genetic interactions between
brassinosteroid-inactivating P450s and photomorphogenic photoreceptors in
Arabidopsis thaliana, G3 2 (2012) 1585–1593, http://dx.doi.org/10.1534/g3.
112.004580
12] S.J. Cookson, K. Chenu, C. Granier, Day length affects the dynamics of leaf
expansion and cellular development in Arabidopsis thaliana partially through
ﬂoral transition timing, Ann. Bot. 99 (2007) 703–711, http://dx.doi.org/10.
1093/aob/mcm005
13] T. Usami, G. Horiguchi, S. Yano, H. Tsukaya, The more and smaller cells
mutants of Arabidopsis thaliana identify novel roles for SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE genes in the control of heteroblasty,
Development 136 (2009) 955–964, http://dx.doi.org/10.1242/dev.028613
14] R.S. Poethig, The past, present, and future of vegetative phase change, Plant
Physiol. 154 (2010) 541–544, http://dx.doi.org/10.1104/pp.110.161620
15] M.R. Willmann, R.S. Poethig, The effect of the ﬂoral repressor FLC on the
timing and progression of vegetative phase change in Arabidopsis,
Development 138 (2011) 677–685, http://dx.doi.org/10.1242/dev.057448
16] N. Wuyts, C. Massonnet, M. Dauzat, C. Granier, Structural assessment of the
impact of environmental constraints on Arabidopsis leaf growth: a 3D
approach, Plant Cell Env. 35 (2012) 1631–1646, http://dx.doi.org/10.1111/j.
1365-3040.2012.02514. x
17] A. Telfer, K.M. Bollman, R.S. Poethig, Phase change and the regulation of
trichome distribution in Arabidopsis thaliana, Development 124 (1997)
645–654.
18] K. Baerenfaller, C. Massonnet, S. Walsh, S. Baginsky, P. Bühlmann, L. Hennig,
et al., Systems-based analysis of Arabidopsis leaf growth reveals adaptation to
water deﬁcit, Mol. Syst. Biol. 8 (2012), http://dx.doi.org/10.1038/msb.2012.39
19] C. Granier, L. Aguirrezabal, K. Chenu, S.J. Cookson, M. Dauzat, P. Hamard, et al.,
PHENOPSIS, an automated platform for reproducible phenotyping of plant
responses to soil water deﬁcit in Arabidopsis thaliana permitted the
identiﬁcation of an accession with low sensitivity to soil water deﬁcit, New
Phytol. 169 (2006) 623–635, http://dx.doi.org/10.1111/j.1469-8137.2005.
01609.x
20] C. Massonnet, D. Vile, J. Fabre, M.A. Hannah, C. Caldana, J. Lisec, et al., Probing
the reproducibility of leaf growth and molecular phenotypes: a comparison of
three Arabidopsis accessions cultivated in ten laboratories, Plant Physiol. 152
(2010) 2142–2157, http://dx.doi.org/10.1104/pp.109.148338
21] J.M. Cross, M. von Korff, T. Altmann, L. Bartzetko, R. Sulpice, Y. Gibon, et al.,
Variation of enzyme activities and metabolite levels in 24 Arabidopsis
accessions growing in carbon-limited conditions, Plant Physiol. 142 (2006)
1574–1588, http://dx.doi.org/10.1104/pp.106.086629
22] Y. Gibon, O.E. Blaesing, J. Hannemann, P. Carillo, M. Höhne, J.H.M. Hendriks,
et al., A Robot-based platform to measure multiple enzyme activities in
Arabidopsis using a set of cycling assays: comparison of changes of enzyme
activities and transcript levels during diurnal cycles and in prolonged
darkness, Plant Cell 16 (2004) 3304–3325, http://dx.doi.org/10.1105/tpc.104.
025973
23] H. Rehrauer, C. Aquino, W. Gruissem, S.R. Henz, P. Hilson, S. Laubinger, et al.,
AGRONOMICS1: a new resource for Arabidopsis transcriptome proﬁling, Plant
Physiol. 152 (2010) 487–499, http://dx.doi.org/10.1104/pp.109.150185
24] M. Müller, A. Patrignani, H. Rehrauer, W. Gruissem, L. Hennig, Evaluation of
alternative RNA labeling protocols for transcript proﬁling with Arabidopsis
AGRONOMICS1 tiling arrays, Plant Met. 8 (2012) 18, http://dx.doi.org/10.
1186/1746-4811-8-18
25] P.L. Ross, Y.N. Huang, J.N. Marchese, B. Williamson, K. Parker, S. Hattan, et al.,
Multiplexed protein quantitation in Saccharomyces cerevisiae using
amine-reactive isobaric tagging reagents, Mol. Cell Proteomics 3 (2004)
1154–1169.
26] A. Pierce, R.D. Unwin, C.A. Evans, S. Grifﬁths, L. Carney, L. Zhang, et al.,
Eight-channel iTRAQ enables comparison of the activity of six leukemogenic
tyrosine kinases, Mol. Cell Proteomics 7 (2008) 853–863.
27] P. Lamesch, T.Z. Berardini, D. Li, D. Swarbreck, C. Wilks, R. Sasidharan, et al.,
The Arabidopsis Information Resource (TAIR): improved gene annotation and
new tools, Nucleic Acids Res. 40 (2012) D1202–D1210, http://dx.doi.org/10.
1093/nar/gkr1090
28] K. Baerenfaller, M. Hirsch-Hoffmann, J. Svozil, R. Hull, D. Russenberger, S.
Bischof, et al., pep2pro: a new tool for comprehensive proteome data analysis
to reveal information about organ-speciﬁc proteomes in Arabidopsis thaliana,
Integr. Biol. (Camb) 3 (2011) 225–237, http://dx.doi.org/10.1039/c0ib00078g
29] M. Hirsch-Hoffmann, W. Gruissem, K. Baerenfaller, pep2pro: the
high-throughput proteomics data processing, analysis, and visualization tool,
Front. Plant Sci. 3 (2012), http://dx.doi.org/10.3389/fpls.2012.00123
30] J.A. Vizcaíno, R.G. Côté, A. Csordas, J.A. Dianes, A. Fabregat, J.M. Foster, et al.,
The PRoteomics IDEntiﬁcations (PRIDE) database and associated tools: status
in 2013, Nucleic Acids Res. 41 (2013) D1063–D1069, http://dx.doi.org/10.
1093/nar/gks126231] Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and
powerful approach to multiple testing, J. R. Stat. Soc. Ser. B 57 (1995)
289–300.
32] R Core Team, R.A. language and environment for statistical computing, 2012.
http://www.r-project.org
[nt Biology 2 (2015) 34–45
33] V. Wahl, J. Ponnu, A. Schlereth, S. Arrivault, T. Langenecker, A. Franke, et al.,
Regulation of ﬂowering by trehalose-6-phosphate signaling in Arabidopsis
thaliana, Science 339 (2013) 704–707, http://dx.doi.org/10.1126/science.
1230406
34] K.D. Edwards, P.E. Anderson, A. Hall, N.S. Salathia, J.C.W. Locke, J.R. Lynn, et al.,
FLOWERING LOCUS C mediates natural variation in the high-temperature
response of the Arabidopsis circadian clock, Plant Cell 18 (2006) 639–650,
http://dx.doi.org/10.1105/tpc.105.038315
35] A. Yilmaz, M.K. Mejia-Guerra, K. Kurz, X. Liang, L. Welch, E. Grotewold, AGRIS:
the Arabidopsis Gene regulatory information server, an update, Nucleic Acids
Res. 39 (2010) D1118–D1122, http://dx.doi.org/10.1093/nar/gkq1120
36] O. Thimm, O. Bläsing, Y. Gibon, A. Nagel, S. Meyer, P. Krüger, et al., MAPMAN:
a user-driven tool to display genomics data sets onto diagrams of metabolic
pathways and other biological processes, Plant J. 37 (2004) 914–939.
37] W.A. Decatur, M.J. Fournier, rRNA modiﬁcations and ribosome function,
Trends Biochem. Sci. 27 (2002) 344–351.
38] J.B. Harborne, C.A. Williams, Advances in ﬂavonoid research since 1992,
Phytochemistry 55 (2000) 481–504.
39] M. Kanehisa, S. Goto, Y. Sato, M. Furumichi, M. Tanabe, KEGG for integration
and interpretation of large-scale molecular data sets, Nucleic Acids Res. 40
(2012) D109–D114, http://dx.doi.org/10.1093/nar/gkr988
40] I.S. Carvalho, T. Cavaco, L.M. Carvalho, P. Duque, Effect of photoperiod on
ﬂavonoid pathway activity in sweet potato (Iopmea batatas (L.) Lam.) leaves,
Food Chem. 118 (2010) 384–390.
41] U. Takahama, Redox Reactions between kaempferol and illuminated
chloroplasts, Plant Physiol. 71 (1983) 598–601.
42] G. Krouk, S. Ruffel, R.A. Gutiérrez, A. Gojon, N.M. Crawford, G.M. Coruzzi, et al.,
A framework integrating plant growth with hormones and nutrients, Trends
Plant Sci. 16 (2011) 178–182, http://dx.doi.org/10.1016/j.tplants.2011.02.004
43] M. Vanstraelen, E. Benková, Hormonal interactions in the regulation of plant
development, Annu Rev Cell Dev Biol. 28 (2012) 463–487, http://dx.doi.org/
10.1146/annurev-cellbio-101011-155741
44] K.C. McGrath, B. Dombrecht, J.M. Manners, P.M. Schenk, C.I. Edgar, D.J.
Maclean, et al., Repressor- and activator-type ethylene response factors
functioning in jasmonate signaling and disease resistance identiﬁed via a
genome-wide screen of Arabidopsis transcription factor gene expression,
Plant Physiol. 139 (2005) 949–959, http://dx.doi.org/10.1104/pp.105.068544
45] G.H. Son, J. Wan, H.J. Kim, X.C. Nguyen, W.S. Chung, J.C. Hong, et al.,
Ethylene-responsive element-binding factor 5, ERF5, is involved in
chitin-induced innate immunity response, Mol. Plant Microbe. Interact 25
(2012) 48–60, http://dx.doi.org/10.1094/-06-11-0165
46] R. Bours, M. van Zanten, R. Pierik, H. Bouwmeester, A. van der Krol, Antiphase
light and temperature cycles affect PHYTOCHROME B-controlled ethylene
sensitivity and biosynthesis, limiting leaf movement and growth of
Arabidopsis, Plant Physiol. 163 (2013) 882–895, http://dx.doi.org/10.1104/pp.
113.221648
47] E.M. Turk, S. Fujioka, H. Seto, Y. Shimada, S. Takatsuto, S. Yoshida, et al., BAS1
and SOB7 act redundantly to modulate Arabidopsis photomorphogenesis via
unique brassinosteroid inactivation mechanisms, Plant J. 42 (2005) 23–34,
10.1111/j.1365-313X.2012.05093.x.
48] E.M. Turk, S. Fujioka, H. Seto, Y. Shimada, S. Takatsuto, S. Yoshida, et al.,
CYP72B1 inactivates brassinosteroid hormones: an intersection between
photomorphogenesis and plant steroid signal transduction, Plant Physiol. 133
(2003) 1643–1653, http://dx.doi.org/10.1104/pp.103.030882
49] Y. Yin, D. Vafeados, Y. Tao, S. Yoshida, T. Asami, J. Chory, A new class of
transcription factors mediates brassinosteroid-regulated gene expression in
Arabidopsis, Cell 120 (2005) 249–259, http://dx.doi.org/10.1016/j.cell.2004.
11.044
50] M. Büttner, The monosaccharide transporter(-like) gene family in
Arabidopsis, FEBS Lett. 581 (2007) 2318–2324, http://dx.doi.org/10.1016/j.
febslet.2007.03.016
51] R. Stadler, M. Büttner, P. Ache, R. Hedrich, N. Ivashikina, M. Melzer, et al.,
Diurnal and light-regulated expression of AtSTP1 in guard cells of Arabidopsis,
Plant Physiol. 133 (2003) 528–537, http://dx.doi.org/10.1104/pp.103.024240
52] M.H. Cho, H. Lim, D.H. Shin, J.S. Jeon, S.H. Bhoo, Y. Il Park, et al., Role of the
plastidic glucose translocator in the export of starch degradation products
from the chloroplasts in Arabidopsis thaliana, New Phytol. 190 (2011)
101–112, http://dx.doi.org/10.1111/j.1469-8137.2010.03580.x
53] F.A. Hoeberichts, E. Vaeck, G. Kiddle, E. Coppens, B. van de Cotte, A.
Adamantidis, et al., A Temperature-sensitive mutation in the Arabidopsis
thaliana phosphomannomutase gene disrupts protein glycosylation and
triggers cell death, J. Biol. Chem. 283 (2008) 5708–5718, http://dx.doi.org/10.
1074/jbc.M704991200
54] G. Beck, D. Coman, E. Herren, M.A. Ruiz-Sola, M. Rodríguez-Concepción, W.
Gruissem, et al., Characterization of the GGPP synthase gene family in
Arabidopsis thaliana, Plant Mol. Biol. 82 (2013) 393–416, http://dx.doi.org/10.
1007/s11103-013-0070-z
55] P. Pesaresi, M. Scharfenberg, M. Weigel, I. Granlund, W.P. Schröder, G. Finazzi,
et al., Mutants, overexpressors, and interactors of Arabidopsis plastocyanin
isoforms: revised roles of plastocyanin in photosynthetic electron ﬂow and
thylakoid redox state, Mol. Plant 2 (2009) 236–248, http://dx.doi.org/10.
1093/mp/ssn041
56] E. Seo, H. Lee, J. Jeon, H. Park, J. Kim, Y.-S. Noh, et al., Crosstalk between cold
response and ﬂowering in Arabidopsis is mediated through the
ﬂowering-time gene SOC1 and its upstream negative regulator FLC, Plant Cell
21 (2009) 3185–3197, http://dx.doi.org/10.1105/tpc.108.063883
nt Pla
[
[
[
[
[
[
[
[
[
[
[
[
[
Arabidopsis oscillator, Proc. Natl. Acad. Sci. U. S. A 110 (2013) 12120–12125,
http://dx.doi.org/10.1073/pnas.1302170110
[70] M.J. Haydon, O. Mielczarek, F.C. Robertson, K.E. Hubbard, A.A.R. Webb,
Photosynthetic entrainment of the Arabidopsis thaliana circadian clock,
Nature 502 (2013) 689–692, http://dx.doi.org/10.1038/nature12603.K. Baerenfaller et al. / Curre
57] Y. Kobayashi, D. Weigel, Move on up, it’s time for change-mobile signals
controlling photoperiod-dependent ﬂowering, Genes Dev. 21 (2007)
2371–2384, http://dx.doi.org/10.1101/gad.1589007
58] F. Turck, F. Fornara, G. Coupland, Regulation and identity of ﬂorigen:
FLOWERING LOCUS T moves center stage, Annu. Rev. Plant Biol. 59 (2008)
573–594, http://dx.doi.org/10.1146/annurev.arplant.59.032607.092755
59] S. Torti, F. Fornara, AGL24 acts in concert with SOC1 and FUL during
Arabidopsis ﬂoral transition, Plant Signal Behav. 7 (2012) 1251–1254, http://
dx.doi.org/10.4161/psb.21552
60] S.D. Michaels, R.M. Amasino, FLOWERING LOCUS C encodes a novel MADS
domain protein that acts as a repressor of ﬂowering, Plant Cell 11 (1999)
949–956.
61] D. Li, C. Liu, L. Shen, Y. Wu, H. Chen, M. Robertson, et al., A Repressor Complex
Governs the Integration of Flowering Signals in Arabidopsis, Dev. Cell 15
(2008) 110–120, http://dx.doi.org/10.1016/j.devcel.2008.05.002
62] O.E. Bläsing, Y. Gibon, M. Günther, M. Höhne, R. Morcuende, D. Osuna, et al.,
Sugars and circadian regulation make major contributions to the global
regulation of diurnal gene expression in Arabidopsis, Plant Cell 17 (2005)
3257–3281, http://dx.doi.org/10.1105/tpc.105.035261
63] M.F. Covington, J.N. Maloof, M. Straume, S.A. Kay, S.L. Harmer, Global
transcriptome analysis reveals circadian regulation of key pathways in plant
growth and development, Genome Biol. 9 (2008) R130, http://dx.doi.org/10.
1186/gb-2008-9-8-r130
64] C. Heintzen, M. Nater, K. Apel, D. Staiger, AtGRP7, a nuclear RNA-binding
protein as a component of a circadian-regulated negative feedback loop in
Arabidopsis thaliana, Proc. Natl. Acad. Sci. 94 (1997) 8515–8520, U S A.nt Biology 2 (2015) 34–45 45
65] D. Staiger, L. Zecca, D.A. Wieczorek Kirk, K. Apel, L. Eckstein, The circadian
clock regulated RNA-binding protein AtGRP7 autoregulates its expression by
inﬂuencing alternative splicing of its own pre-mRNA, Plant J. 33 (2003)
361–371.
66] C. Streitner, S. Danisman, F. Wehrle, J.C. Schöning, J.R. Alfano, D. Staiger, The
small glycine-rich RNA binding protein AtGRP7 promotes ﬂoral transition in
Arabidopsis thaliana, Plant J. 56 (2008) 239–250, http://dx.doi.org/10.1111/j.
1365-313X, 2008.03591.x.
67] A.J. Millar, Input signals to the plant circadian clock, J. Exp. Bot. 55 (2004)
277–283, http://dx.doi.org/10.1093/jxb/erh034
68] A. Pokhilko, A.P. Fernández, K.D. Edwards, M.M. Southern, K.J. Halliday, A.J.
Millar, The clock gene circuit in Arabidopsis includes a repressilator with
additional feedback loops, Mol. Syst. Biol. 8 (2012) 574, http://dx.doi.org/10.
1038/msb.2012.6
69] M.L. Rugnone, A. Faig, S.E. Sanchez, R.G. Schlaen, C.E. Hernando, K. Danelle,
et al., LNK genes integrate light and clock signaling networks at the core of the
